Background: Individuals with serrated polyps (SP) are at higher risk for synchronous colorectal advanced neoplasms (AN) and cancers. However, it remains unclear whether there is a unique involvement of the serrated pathway and/or the classical adenoma-carcinoma sequence in this setting.
Introduction
Colorectal cancer (CRC) evolves through multiple distinct pathways, including the classical adenoma-carcinoma sequence and the serrated pathway [1] . These pathways are defined based on molecular features and the pathology of the precursor lesions. The classical adenoma-carcinoma sequence originates in conventional adenomas (tubular adenomas and tubulovillous adenomas), whereas the serrated pathway develops in serrated polyps (SP).
SPs are characterized histologically by the serrated architecture of the crypt epithelium, and are grouped into three categories: hyperplastic polyps (HP), sessile serrated adenoma/polyps (SSA/P) and traditional serrated adenomas (TSA) [2, 3] . HPs are common in the distal colorectum, and have little or no malignant potential. SSA/Ps are typically located in the proximal colon, and are often larger than HPs. By contrast, TSAs are more common in the distal colon, and have a reddish and protuberant appearance [3, 4] . Importantly, SSA/Ps and TSAs are potential precursor lesions of CRC in the serrated pathway. The process of colorectal carcinogenesis via the serrated pathway is characterized by presence of mutations in the BRAF gene, the CpG island methylator phenotype, and microsatellite instability, which occurs as a consequence of methylation-induced, biallelic silencing of the MLH1 gene. [1, 3, 5] Some SPs are precancerous lesions per se, but they also serve as markers for the presence of coexisting adenomas and/or CRCs. It has been reported that HPs, most of which were located in the distal colon, can predict the presence of adenomas throughout the colon [6] . A meta-analysis revealed that patients with distal HPs have an intermediate risk for proximal colorectal neoplasia, however, they also mentioned that this increased risk disappeared if only high-quality studies on screening patients were considered [7] . More recently, those with large and/or proximal SPs have been reported to be at higher risk for synchronous advanced neoplasia (AN) and CRC [8] [9] [10] . These observations suggest that those who harboring SPs may carry an increased risk for CRC, and raise the importance of these individuals as a model of a ''high risk colon''. Interestingly, recent study by Rosty et al. [11] reported that the majority of CRCs arising in serrated polyposis, a CRC predisposition syndrome characterized by the presence of multiple SPs, did not harbor molecular hallmarks of serrated pathway. Their data suggest the involvement of both the serrated pathway and the adenoma-carcinoma sequence in the carcinogenesis in serrated polyposis; however, it remains unclear whether there is a unique involvement of the serrated pathway and/or the classical adenoma-carcinoma sequence, or whether both pathways participate in the setting associated with sporadic SPs.
Genetic and epigenetic alterations can exist in the background colorectal mucosa of a ''high risk colon'' [12] . Indeed, hypermethylation of cancer-related genes have been reported in normalappearing mucosa of patients with CRC [13] [14] [15] [16] [17] as well as SPs [18, 19] . Methylation of Long Interspersed Element-1 (LINE-1) DNA sequences is a surrogate marker for global DNA methylation [20, 21] ; furthermore, hypomethylation of LINE-1 elements has been associated with chromosomal instability in CRC [22] as well as poor prognosis for CRC patients [23] . LINE-1 hypomethylation has been found to be significantly associated in the case of synchronous CRC pairs from the same patient [24] . In addition, adjacent normal-appearing colonic mucosa from patients with multiple synchronous CRCs show significant hypomethylation compared with that from patients with a single lesion, or healthy volunteers [25] . Based on these observations, we hypothesized that LINE-1 hypomethylation in colorectal mucosa may play an important role in establishing a 'field defect' in colorectal carcinogenesis.
In this study, we proposed to gain insight into this process by analyzing patients who had both colorectal ANs and SPs, as these provide as a model of high risk for CRC. The aims of this study were to first interrogate the clinicopathological and molecular characteristics of ANs that coexist with SPs, and second, to determine whether LINE-1 hypomethylation in the background mucosa of patients with AN and SP constitutes a methylation 'field defect', which may be responsible for accelerated tumor progression in these patients.
Materials and Methods

Patients
Records of colonoscopy performed at the Kyoto University Hospital from January 2007 and December 2010 were reviewed retrospectively. Patients who underwent colonoscopy and subsequently received endoscopic or surgical resection for colorectal ANs were enrolled. An AN was defined by the presence of tubular adenomas $10 mm, adenomas with any villous histology, adenomas with high-grade intraepithelial neoplasia (HGIN), or invasive adenocarcinomas [8] [9] [10] . The AN+SP group included patients with colorectal ANs who had synchronous and/or metachronous SPs. The control group consisted of patients with colorectal AN alone without SPs (AN-only group). Patients with familial adenomatous polyposis, Lynch syndrome, serrated polyposis, inflammatory bowel disease, a history of chemotherapy and/ or radiotherapy were excluded. Those patients who showed the presence of suspicious or possible SP by endoscopic examination were also excluded. Written informed consent was obtained from all patients, and the study protocol was approved by the Institutional Review Board of the Kyoto University Graduate School and Faculty of Medicine.
All endoscopic reports, endoscopic images and pathological reports of enrolled cases were reviewed by one of the authors (AY). Morphology of intraepithelial neoplasia was classified according to the Paris endoscopic classification of superficial neoplastic lesions [26] , and designated as either protruded (0-1 p and 0-1 sp) or superficial (0-1 s, 0-2 a, 0-2 c, and mixed type). A pathological diagnosis of AN and SP was made based on WHO classification criteria [3] . Tubular and tubulovillous adenomas were designated as conventional adenomas in this study. All histological slides of SPs were reviewed by an expert gastrointestinal pathologist (SM). SPs were classified as HPs, SSA/Ps, or TSAs. SPs that did not convincingly fit into any of these categories were classified as a serrated lesion (SL). SPs larger than 10 mm were designated as a large SP. Clinicopathological information was obtained from medical charts, and assessed based on the International Union Against Cancer (UICC) TNM staging system [27] . Survival analyses were conducted on 123 patients who had invasive cancer. The median follow-up period of these patients was 32.6 months (range, 0.7-93.1).
DNA extraction
Tissue samples of colorectal ANs, SPs, and adjacent mucosa were microdissected from 10 mM thick formalin-fixed paraffinembedded sections. Genomic DNA was extracted either using the QIAamp DNA FFPE Tissue Kit (QIAGEN, Hilden, Germany), or for smaller lesions and adjacent mucosa, the QIAamp DNA Investigator Kit (QIAGEN), according to the manufacturer's instructions. For SPs, DNA was extracted only from endoscopically and surgically resected lesions, but not from biopsy specimens. Samples of adjacent mucosa were obtained from mucosa which appeared histologically normal, at least 30 mm away from the corresponding AN. In most situations, adjacent mucosa was collected from the proximal or distal end of the surgically resected specimen.
Mutation analysis for BRAF and KRAS by pyrosequencing
DNA from ANs and SPs were subjected to PCR amplification of exon 15 of the BRAF gene and exon 2 of the KRAS gene. PCR amplification was performed in 25 mL reactions containing 12.5 ml of HotStarTaq Master Mix Kit (QIAGEN), 5 pmol each of forward and reverse primers, and 50 ng of template DNA. PCR conditions were as follows: initial Taq activation at 95uC for 15 minutes, 40 cycles of denaturation at 94uC for 30 seconds, annealing at 52uC for BRAF or 59uC for KRAS for 30 seconds, elongation at 72uC for 1 minute, and final extension at 72uC for 10 minutes. Mutations in the BRAF (codon 600) and KRAS (codon 12 and 13) genes were analyzed by pyrosequencing. Pyrosequencing was performed using the PyroMark MD system (QIAGEN) as described previously [28] . Direct sequencing was performed to confirm the presence of mutations in BRAF and KRAS using the BigDye Terminator V1.1 Cycle Sequencing Kit and genetic analyzer (ABI 3130, Applied Biosystems, Foster, CA, USA). Primer sequences are shown in Table 1 .
DNA methylation analysis
DNA from adjacent mucosa was bisulfite-modified using the EZ Methylation Gold Kit (Zymo Research, Irvine, CA, USA) according to the manufacturer's instructions. Bisulfite-converted DNA was subjected to PCR amplification for LINE-1 methylation analysis. PCR amplification was performed in 25 mL reactions containing 12.5 mL of HotStarTaq Master Mix Kit (QIAGEN), 6.25 pmol each of forward and reverse primers, and 2 mL of bisulfate-converted DNA. PCR conditions were as follows: initial Taq activation at 95uC for 15 minutes, 50 cycles of denaturation at 94uC for 30 seconds, annealing at 51uC for 45 seconds, elongation at 72uC for 45 seconds, and final extension at 72uC for 10 minutes. DNA methylation was analyzed quantitatively by pyrosequencing using the PyroMark MD system (QIAGEN) [28] , and methylation levels of LINE-1 elements was calculated as the mean percentage of the four CpG sites analyzed. Primer sequences are shown in Table 1 .
Statistical analysis
The Mann-Whitney U test was used to compare continuous variables. To analyze categorical data, the Fisher's exact test or the chi-square test was used. Cumulative survival curves were drawn by the Kaplan-Meier method and the differences between the curves were analyzed by the log-rank test. All P-values were twosided and a P-value of ,0.05 was considered significant. Since this is an exploratory research, adjustments for multiple comparisons were not considered. All analyses were carried out using the JMP 10 (SAS institute Inc., Cary, NC, USA).
Results
Patient characteristics
There were 40 patients in the AN+SP group, 119 patients in the AN-only group with a total of 75 and 179 ANs, respectively. Of these, tissue samples for DNA analysis were available for 75 ANs from the AN+SP group and 174 ANs from the AN-only group. There were 75 SPs in the patients from the AN+SP group, and tissue samples for DNA analysis were available from a total of 39 SPs. Patients' characteristics are shown in Table 2 . There were significantly more males than females in the AN+SP group. There were no other significant differences between the two groups in terms of age, personal and family history of CRC.
Clinicopathological and molecular characteristics of SPs
Characteristics of SPs are summarized in Table 3 . Fifty-six of 75 SPs were located on the left side, while the remaining 19 were on the right side. The median size of the SPs was 5 mm (range [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Fifty-nine SPs were superficial, while the remaining 16 were of a protruded morphology. Tissue samples were obtained by biopsy from 28 SPs, by endoscopic resection from 13 SPs, and by surgical resection from 34 SPs. All surgically resected SPs were located in close proximity to cancer, hence resected simultaneously. Histologically, SPs were classified as 35 HPs, 17 SSA/Ps, and 9 TSAs. Fourteen SPs could not be classified, and were thus referred to as SL. Twenty of 39 (51.3%) of the SPs contained BRAF gene mutations and 5/39 (12.8%) contained mutations in the KRAS gene. Among informative lesions, 5/19 HPs, 7/10 SSA/Ps, 5/ Table 1 . PCR primers used in this study. 
Clinicopathological characteristics of colorectal ANs
Clinicopathological characteristics of colorectal ANs are shown in Table 4 and Table 5 . Intraepithelial neoplasms in the AN+SP group were more likely in the proximal colon than in the AN-only group (Fisher's exact test, P = 0.018). Otherwise, there were no significant differences between these two groups in terms of morphology, size, or histology of intraepithelial neoplasms. No significant differences were seen between groups in the clinicopathological features of CRCs. Survival analyses for patients with CRCs revealed no differences in overall and disease-free survival rates between groups (Figure 1 ).
Mutational analysis of BRAF and KRAS in colorectal ANs
Representative pyrograms for BRAF and KRAS mutation are shown in Figure 2 , and the results of the mutation analyses are summarized in Table 6 . There were more mutations in the BRAF gene (codon 600) in the AN+SP group (6/75 ANs) compared to in only 1/174 ANs in the AN-only group (Fisher's exact test, P = 0.003). Interestingly the only AN in the AN-only group with a BRAF mutation was a HGIN with a contiguous TSA component. There was no difference in the frequency of KRAS mutations (codon 12 and 13) between the two groups (P = 0.142). As was the case with SPs, mutations in the BRAF and KRAS genes were mutually exclusive, and 50/75 (66.7%) ANs in AN+SP group and 112/174 (64.4%) ANs in AN-only group had no detectable mutations in either the BRAF or KRAS gene.
Relationship between the existence of SP and the adenoma-carcinoma sequence
HGINs frequently have a contiguous component of low-grade neoplasia, which is thought to be one of the precursor steps in the evolution of high-grade neoplasia. We examined the HGINs for the histology of a contiguous low-grade neoplastic component. Among 45 HGINs, 14/15 and 27/30 in the AN+SP and AN-only groups, respectively, showed a contiguous component of conventional adenoma (Figure 3 ). There was one HGIN in the AN-only group which showed a contiguous component of TSA as mentioned above. No significant differences were observed between groups (Table 7) .
Next, we compared the number of conventional adenomas in relation to SPs in each individual to further explore the associations between SPs and conventional adenomas. As shown in Figure 4A , individuals in the AN+SP group tended to have more conventional adenomas than those in the AN-only group (Mann-Whitney U test, P = 0.056). Individuals with large and right-sided SPs harbored significantly more conventional adenomas than those without such SPs (Figure 4C ,E; Mann-Whitney U test, P = 0.027 and P = 0.031, respectively). More than half of the individuals with SPs had conventional adenomas in both sides of the colorectum regardless of the location of SPs ( Figure 5 ).
LINE-1 hypomethylation in mucosa adjacent to ANs
To explore if there were alterations in the background mucosa that could contribute to carcinogenesis in the AN+SP group individuals, we examined DNA methylation of LINE-1 elements in histologically normal mucosa adjacent to the ANs. Tissue samples of adjacent normal-appearing mucosa were available from 35 and 86 patients in the AN+SP and AN-only groups, respectively. Figure 6A and 6B show representative results of bisulfite pyrosequencing examining the methylation levels of LINE-1. There were no significant differences in LINE-1 methylation levels between AN+SP and AN-only groups (data not shown). However, those patients who had multiple SPs showed significantly lower LINE-1 methylation levels than individuals with one or fewer SPs ( Figure 6C ; Mann-Whitney U test, P = 0.049). Moreover, individuals with large SPs had significantly lower LINE-1 methylation levels in their background mucosa than those without large SPs ( Figure 6D ; Mann-Whitney U test, P = 0.015). 
Discussion
In the current study, we investigated the clinicopathological and molecular characteristics of colorectal ANs in the context of the presence or absence of coexisting SPs. The fact that our clinicopathological findings showed similarities between ANs alone or in the presence of SPs may be a reflection of the common characteristics of ANs in both groups, rather than the possibility that this disease is derived from distinct pathways.
We found that mutations in the BRAF gene were significantly more frequent in ANs with coexisting SPs than in ANs without coexisting SPs. Since BRAF gene mutations are regarded as a hallmark of carcinogenesis via the serrated pathway (1, 3, 5) , these results are consistent with the concept that individuals with SPs perhaps evolve via the serrated pathway, and eventually some of these proceed and progress to cancer. In addition to mutations of the BRAF gene, mutations in KRAS have been also implicated in the serrated pathway [1, 3, 5] . In the present study, 66.7% and 64.4% of ANs in the AN+SP and AN-only group, respectively, showed no mutations in either BRAF or KRAS. Because mutations in BRAF and KRAS are thought to play a key role in the early development of SPs [1, 3] , majority of ANs which did not harbor a mutation in BRAF or KRAS were more likely derived from lesions other than a SP.
To further confirm this hypothesis, we histologically examined HGINs, which represent the transition lesion in malignant transformation. We found that 14/15 HGINs in AN+SP group possessed a contiguous component of conventional adenoma, whereas these same lesions lacked a SP component. Similarly, 27/ 30 HGINs had a contiguous component of conventional adenoma, while only 1/30 lesions showed a component of SP in the ANonly group. These observations directly indicate that the majority of ANs both with and without coexisting SPs develop through the adenoma-carcinoma sequence rather than the serrated pathway. In serrated polyposis, Rosty et al. [11] reported 47.3% of CRCs had BRAF mutation while another 47.3% were BRAF/KRAS wild type, and 4/13 CRCs with contiguous residual polyp harbored conventional adenomas. Our data are in line with the observations made by Rosty and colleagues, and highlight the involvement of both the adenoma-carcinoma sequence and the serrated pathway in the settings of colorectum harboring sporadic SPs as well as serrated polyposis. It is worth noting that far more ANs in our AN+SP group seemed to be associated with the adenomacarcinoma sequence. This may reflect the heterogeneity of SPs and inclusion of non-risky SPs to our AN+SP group. In addition, we also showed that individuals with ANs and coexisting SPs tended to possess more conventional adenomas than those who had ANs without coexisting SPs. In particular, those AN patients with large and right-sided SPs had significantly more conventional adenomas compared to AN patients without such SPs. These data are consistent with previous reports [9, 29] , and support the hypothesis that individuals with SPs have an accelerated neoplastic progression in the adenoma-carcinoma sequence. Taken together, results of ours and others suggest that both the classical adenomacarcinoma sequence and the serrated pathway may be operational in individuals bearing ANs and SPs.
Although the results of our study suggest that dual carcinogenesis pathways are present in individuals with AN and SP, the mechanism(s) underlying their neoplastic progression remain unclear. Previous studies have demonstrated the association between the presence of large SPs and synchronous ANs in the same individuals. Interestingly, coexisting ANs and SPs were not necessarily in the same side of the colon. [8, 10] In the present study, we demonstrated that more than half of individuals with coexisting ANs and SPs had conventional adenomas in both sides of colorectum. Based on our observations and those of others, it is conceivable that the molecular alteration(s) which potentially affect colorectal mucosa extensively to promote carcinogenesis may be present. To date, several reports have demonstrated 'field defects' of colorectal mucosa caused by abnormal DNA methylation [13] [14] [15] [16] [17] . In the current study, we observed that the adjacent mucosa in individuals with ANs and coexisting multiple and large SPs had significantly lower levels of LINE-1 methylation compared to the adjacent mucosa in those who had ANs without such associated SPs. Since hypomethylation of LINE-1 can lead to activation of proto-oncogenes and are associated with chromosomal instability in CRC [22] , lower methylation levels of LINE-1 seen in adjacent mucosa may play a role in the process of carcinogenesis in these individuals with multiple or large SPs. To validate this hypothesis, prospective studies with greater numbers of patients are needed.
With regards to potential limitations of our study, as a retrospective study, we had no control over whether all of the SPs were collected from all patients. SPs are frequently found during colonoscopy but not all were followed up with histological examination since the decision to obtain a biopsy was at the physician's discretion. This could have biased our results, since only patients with histologically proven SPs were enrolled in this study. Conversely, patients with SPs could have been missed and placed into the AN-only group. To minimize this potential problem for our AN-only group, we reviewed all colonoscopic images to exclude patients with possible SPs. A second potential limitation was that more than one third of the SPs were not Table 7 . Presence of contiguous components of conventional adenomas and serrated polyps (SP) in high-grade intraepithelial neoplasms (HGIN). resected but tissue was collected by biopsies. Histological classification of SPs is often difficult in the biopsy specimen alone. In this study, 14 SPs could not be histologically classified into a specific category, and thus were placed in a separate group, called SL. A total of 14 SPs were classified as SLs, and 10/14 SLs had only a biopsy for analysis. In addition, we were not able to obtain DNA for mutation analyses from SPs which were not resected, and had only a biopsy specimen.
In conclusion, our data highlight that both the adenomacarcinoma sequence and the serrated pathway appear to be operative in individuals with both ANs and SPs. The reduced levels of LINE-1 methylation in the background mucosa suggest the possibility of an underlying 'field defect' in patients with multiple or large SPs; however, further study is required to determine the significance of this phenomenon. 
